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Abstract 
The spectrin superfamily is composed of proteins involved in cytolinker functions. Their main 
structural feature is a large central subdomain with numerous repeats folded in triple helical coiled-
coils. Their similarity of sequence was considered to be low without detailed quantification of the 
intra- and intermolecular levels. Among the superfamily, we considered as essential to propose an 
overview of the surface properties of all the repeats of the five proteins of the spectrin family, namely 
α- and β-spectrins, α-actinin, dystrophin and utrophin. Therefore, the aim of this work was to obtain a 
quantitative comparison of all the repeats at both the primary sequence and the three-dimensional 
levels. For that purpose, we applied homology modelling methods to obtain structural models for 
successive and overlapping tandem repeats of the human erythrocyte α- and β-spectrins and utrophin, 
as previously undertaken for dystrophin, and we used the known structure of α-actinin. The matrix 
calculation of the pairwise similarities of all the repeat sequences and the electrostatic and 
hydrophobic surface properties throughout the protein family support the view that spectrins and α-
actinin on one hand and utrophin and dystrophin on the other hand share some structural similarities, 
but a detailed molecular characterisation highlights substantial differences. The repeats within the 
family are far from identical, which is consistent with their multiple interactions with different cellular 
partners, including proteins and membrane lipids.   
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Introduction 
The proteins of the spectrin superfamily contain a calponin type actin binding domain at their N-
termini followed by multiple spectrin repeats that could specify an actin crosslinking characteristic 
distance. The superfamily includes plakins, nesprins, plectins, - and -spectrin, α-actinin, dystrophin 
and utrophin (Jefferson et al., 2007). This superfamily of proteins is characterised by the presence of 
multiple copies of spectrin-like repeats arranged in tandem (Parry et al., 1992, Baines 2003, Jefferson 
et al., 2007). The spectrin-like repeats (or repeats) are composed of three alpha-helices (A, B and C) 
wrapped into a coiled-coil. In the present study, we focused among the superfamily on the five 
proteins members belonging to the so-called spectrin family, namely - and -spectrin, α-actinin, 
dystrophin and utrophin. The first two proteins can form dimers / tetramers while the last two remain 
as monomers (Broderick and Winder, 2005) 
Although the sequence similarity of the repeats among the spectrin family has not been studied 
quantitatively in detail, it is considered to be rather low (Winder et al., 1995). The unique feature of 
this coiled-coil structure is that the residues of the primary sequence are distributed in heptads, i.e., on 
seven successive residues (a to g), where the two residues in the „a‟ and „d‟ positions are hydrophobic 
while the others are mainly hydrophilic. The coiled-coil folding of the repeats is principally 
maintained by the heptad hydrophobic residues, buried away from the molecular surface and being in 
close contact. Therefore, the accessible residues of the repeats are mostly hydrophilic and situated in 
positions other than „a‟ and „d‟ (Parry et al., 1992; Lupas, 1996). This structural characteristic was 
demonstrated by the first crystals of spectrin solved by X-ray diffraction in 1993 (Yan et al., 1993) and 
more recently for the dystrophin and utrophin single repeat 1 (Muthu et al., 2012).  
Two repeats are linked to each other to compose a filament consisting of a long common helix formed 
by the third helix of the first repeat and the first helix of the second repeat. This linking has been 
solved by crystallography for several spectrin tandem or multiple repeats (Davis et al., 2009; Grum et 
al., 1999; Ipsaro and Mondragon, 2010; Ipsaro et al., 2009; Ipsaro et al., 2010; Kusunoki et al., 2004a; 
Kusunoki et al., 2004b; Stabach et al., 2009) and for the four repeats of α-actinin (Djinovic-Carugo et 
al., 1999; Ylanne et al., 2001). The remarkable feature of all these structures except the one of Grum 
(Grum et al., 1999) is that they appeared as dimers.  
Although α-actinin has only 4 repeats, which have all been solved by X-ray crystallography (Djinovic-
Carugo et al., 1999; Ylanne et al., 2001), the other proteins have a high number of repeats, and no 
crystal for the complete protein have been successfully obtained for any of them. However, these 
structures could be crucial for the understanding of the interactions or the mutation modifications of 
these proteins. In that context, we previously proposed homology models for all the dystrophin repeats 
(Legrand et al., 2011). Herein, we have applied this approach to an exhaustive study of the repeats of 
human utrophin and human erythrocyte α- and β-spectrin. We compared them to the previously 
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obtained models of dystrophin repeats and to the X-ray solved α-actinin repeat structure. We 
quantitatively assessed the similarity between these proteins at both the primary structure and the 
three-dimensional levels using electrostatic clustering methods and molecular hydrophobicity potential 
comparisons. We showed that spectrins and α-actinin on one hand and utrophin and dystrophin on the 
other hand shared some structural similarities, but a detailed molecular characterisation highlighted 
substantial differences. These differences are also related to a particular organisation of the exon and 
repeat coding in dystrophin and utrophin not observed in the other three proteins of the spectrin 
family. 
 
Materials and Methods 
Sequence alignment and isoelectric point calculations – The sequences of human skeletal muscle 
utrophin and dystrophin and α- and β-spectrin from human erythrocytes were retrieved from the NCBI 
Protein Database, and sequences of α-actinin were retrieved from the deposited Protein Data Bank 
data (PDB: 1HCI) (see Fig. 1A for a schematic drawing of the proteins). To define the boundaries of 
the repeats, the alignment of dystrophin and utrophin repeats from Winder was used (Winder et al., 
1995). The five proteins are schematically showed in Fig. 1A. Note that for α-spectrin, the repeat 
number according to Winder (Winder et al., 1995) was 20 complete repeats while in some papers, the 
SH domain accounts for a 10th “domain” of the protein which shifts the number to 21 “domains” (An 
et al., 2004; Li et al., 2010). We chose to number them from R1 to R20 according to Winder (Winder 
et al., 1995). 
The sequences were aligned using the ClustalW2 program with the default parameters 
(Thompson et al., 1994; Larkin et al., 2007). The matrix similarity between the sequences was 
calculated using the Protdist program included in the PHYLIP package (Felsenstein, 1987). Isoelectric 
points were computed from the primary sequence using ProtParam on the ExPASy server (Gasteiger et 
al., 2005). 
 
Homology modelling – The three-dimensional models were computed by the I–TASSER 
server (Zhang, 2008; Zhang, 2009). The sequences of two successive tandem repeats were submitted 
with an overlap of one repeat for the next submission, i.e., first repeat 1-2, and then repeat 2-3. The 
two tandem repeats of utrophin that include known hinges, R3-4 and R17-18, were omitted. The 
incomplete repeats -1 () and 17 () of the spectrins were not modelled. This strategy was used to 
obtain models for the potential helical linkers between adjacent repeat pairs. I-TASSER produced one 
to five models for each of the two-repeat sequences submitted, and only the model with the best C-
score for each tandem repeat was retained. We did not use the X-ray solved structures of the 
erythrocyte spectrins to compare all the models obtained by the same method. However, the templates 
used by I-TASSER are all the X-ray crystallography structures of the spectrin repeats. In all, 74 
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models were obtained: 21 for dystrophin, 19 for utrophin, 19 for α-spectrin and 15 for β-spectrin. For 
α-actinin, we used the X-ray crystallographic four-repeat structure available in the PDB (Djinovic-
Carugo et al., 1999) and subdivided it into three structures for each tandem repeat. 
 
Surface-property comparisons: hydrophobicity - Surface hydrophobicity calculations were 
performed using the PLATINUM program, which is designed to match hydrophobic patches for the 
prediction of receptor-ligand complexes (Efremov et al., 2007; Pyrkov et al., 2009). This program 
allows the calculation and visualisation of molecular hydrophobic/hydrophilic surface properties using 
the concept of molecular hydrophobicity potential (MHP). The PLATINUM algorithm also provides 
the hydrophobic and hydrophilic composition (in %) of the molecular surfaces following the MHP 
definition. All the models were submitted to the PLATINUM web site, which provided potential maps 
visualised using the PyMOL program.   
 
Surface-property comparisons: electrostatics - The web-based version of the PIPSA program 
(Protein Interaction Property Similarity Analysis) (Blomberg et al., 1999; Gabdoulline et al., 2007; 
Richter et al., 2008; Wade et al., 2001) was used to compare tandem repeats with respect to their 
electrostatic potentials. PIPSA quantifies the similarity in the surface properties of homologous 
proteins, which is particularly useful for comparing the surface properties of the tandem repeats of the 
spectrin family members. After the 3D alignment fit, the models were submitted to the PIPSA server 
(Richter et al., 2008), and the Adaptive Poisson-Boltzmann Solver (APBS) software was used to 
calculate the electrostatic potentials (Baker et al., 2001). To prevent the potential discrepancies 
observed in calculations performed at too high or low an ion concentration, we chose to present maps 
computed for an ionic strength of 50 mM. The similarity indexes (SI) for each pair of surface 
electrostatic potentials were calculated (Blomberg et al., 1999) and converted into a distance matrix 
ranging from 0 to 2 (Gabdoulline et al., 2007; Wade et al., 2001). The distance matrix was then 
subjected to a clustering procedure, and the corresponding heat map was generated. A visualisation of 
the electrostatic potentials projected on the molecular surfaces of the repeats was produced using 
PyMOL. 
 
Results 
Intramolecular sequence similarity 
The sequences were aligned using ClustalW2 (Thompson et al., 1994; Larkin et al., 2007) 
(Supplementary Figure S1), and the similarity matrix between repeats was calculated using the 
Protdist program included in the PHYLIP package (Felsenstein, 1987). Only a poor sequence 
similarity was found between each single coiled-coil repeat of the five proteins. The pairwise sequence 
similarity scores of all repeats within each protein (Fig. 1B) indicated a median value below 0.2. The 
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highest internal sequence similarity scores were 0.38 and 0.30 for the α-spectrin and β-spectrin 
repeats, respectively. It is also interesting to highlight that the highest similarity recorded between 
repeats for the two spectrin molecules was observed for repeats that are distant in the filament: R5 and 
R13 (0.38), R1 and R14 (0.35) and R2 and R10 (0.35) for α-spectrin and R4 and R15 (0.30) for β-
spectrin. The best similarity value for α-actinin repeats was very low at 0.19. Dystrophin and utrophin, 
despite a length comparable to the two spectrins (22-24 repeats vs 16-20 repeats for spectrins), showed 
a large range of sequence similarity scores among their repeats. The highest scores were no more than 
0.25 for the dystrophin repeats (R8 and R17, R21 and R24) and 0.26 for the utrophin repeats (R12 and 
R2).  
 
Figure 1. Presentation of the five proteins and the similarity scores for their single repeats. (A) Schematic 
drawing of the five proteins under study. Similarity scores are presented as box plots for (B) the pair-wise 
similarity of the repeats for each protein and (C) the pair-wise similarity of repeats of the five proteins in pairs. 
The box plots indicate the median values ± quartiles, and the vertical bar indicates the minimum and maximum 
values. When the values are larger than the 1.5 box size, individual values appear as points above or below the 
box plot. Act = α-actinin; Dys = dystrophin; SptA = α-spectrin; SptB = β-spectrin; Utr = utrophin. 
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Intermolecular sequence similarity 
The highest median values of similarity between sequences of repeats in different proteins 
were observed for the two spectrins at 0.2 (Fig. 1C). For these two proteins, the highest sequence 
similarity was found for α-spectrin R9 and β-spectrin R13 (0.34); α-spectrin R16 and β-spectrin R4 
(0.33), R12 (0.34) or R14 (0.33); α-spectrin R6 and β-spectrin R10 (0.33); and, finally, α-spectrin R12 
and β-spectrin R16 (0.33). These scores for α-spectrin and β-spectrin defined protein domains with 
weak similarities between the two spectrins from α-spectrin R5 to R9 and from β-spectrin R9 to R13. 
We should note that the lowest sequence similarity score, with a mean value of 0.14, was found for α-
spectrin R20 towards any of the β-spectrin repeats and β-spectrin R1 towards any of the -spectrin 
repeats, underlying the specificity of these repeats involved in the α-spectrin/ β-spectrin hetero-dimer 
formation.  
Dystrophin and utrophin did not show high sequence conservation with either the spectrins or 
α-actinin, with values well below 0.30 (Supplementary Figure S2). Clear high sequence similarities are 
found for the α-actinin repeats R1 and R2 with β-spectrin R1 and R2, with scores of 0.42 and 0.38, 
respectively. Surprisingly, the α-actinin repeat R2 is the closest to all α- and β-spectrin repeats. 
Finally, the most remarkable similarity was found between the dystrophin and utrophin coiled-coil 
repeats that can be seen on the boxplot with outliers distributed over the top bar (Fig. 1C). Dystrophin 
R1 and utrophin R1 present a sequence similarity up to 0.66, and the second highest value (0.61) was 
for dystrophin R8 / utrophin R8 and dystrophin R11 / utrophin R11.  
Globally, the highest scores in sequence similarity between the dystrophin and utrophin 
proteins were found for the regions covering R1 to R3 (from 0.44 to 0.66), R8 to R13 (from 0.40 to 
0.61) and R20 to R24 of dystrophin and R18 to R22 of utrophin (from 0.30 to 0.55), with 13 of them 
higher than 0.40. The regions covering R4 to R7 of dystrophin and utrophin are not very similar in 
sequence. A lack of similarity was also found for dystrophin R14 or R15 with utrophin R14 and for 
dystrophin R18 or R19 with utrophin R17. Finally, dystrophin repeats are very similar to utrophin 
repeats, more similar than to one another, which is also true for utrophin itself. 
 
Exon and repeats phasing in the five proteins 
In a previous work, we showed a partial phasing of the exon coding for the repeats of 
dystrophin and the repeat sequence (Nicolas et al., 2012). We therefore wondered if the same case 
holds for the proteins of the spectrin family. On the alignment of the repeats of these proteins, we 
differentiated the sequences coded by successive exons (Fig. 2). The sequences coded by even exons 
are in grey, while the sequences coded by odd exons coded sequences are uncoloured. It is clear that 
the helices B of the utrophin repeats are coded by two successive exons with the borders exactly 
aligned with the “b” and “c” residues of the 3rd heptad of the helices for all repeats except repeat 14. 
This pattern constitutes a partial phasing of the protein domains and the exons and is similar to what 
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we observed for dystrophin approximately in the middle of helices B. By contrast, there was no such 
phasing in the coding of the α- and β-spectrins or the α-actinin repeats (Fig. 2).   
 
Figure 2: Sequence alignment of the repeats of utrophin, α- and β-spectrin and α-actinin and the exons 
coding for these sequences. The repeats were aligned by ClustalW using the default parameters according to 
Winder et al. (Winder et al., 1995). The repeat numbers are mentioned on the left side of the repeat sequence. 
The numbers of the exons coding for the repeats are mentioned at the right side of the repeat sequence. The 
repeat sequences coded by successive exons are underlined alternatively in grey (even) or left blank (odd). When 
the successive exons are not in-frame, the two residues coded by the two successive exons are coloured red.   
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Isoelectric point of the single repeats of the spectrin family  
The isoelectric points calculated from the primary sequence ranged from 3.93 (UtrR1) to 9.01 
(DysR3). The range of values is quite large for dystrophin, utrophin and β-spectrin, but there is a 
narrow range around the mean value for α-spectrin and α-actinin (Fig. 3). These two last proteins 
appear to be more acidic as a whole than the other three. However, the dystrophin values are 
significantly different from the utrophin and α-spectrin values, while the α-actinin and α- and β-
spectrin values were not so different from each other. In addition, and as previously shown, there is an 
alternation of acidic and basic repeats on the region covering repeats 11 to 17 of dystrophin, which 
was not observed for the other proteins. 
 
Figure 3. Calculated isoelectric points of the single repeats for the five proteins. The isoelectric points were 
computed by ProtParam of the ExPASy server. The individual values of the repeats appear as dots. Mean values 
(SD) are given above the plot. The values from dystrophin were significantly different from utrophin and from α-
spectrin, as shown above the plot. Some values appearing outside the mean, such as for β-spectrin, dystrophin 
and utrophin, are tagged.  
 
Homology modelling 
Not surprisingly, the I-TASSER threading procedure identified spectrin repeats as the best 
structural templates for all the tandem repeats, specifically 1CUN (chicken-brain -spectrin repeat 
R16-17) (Grum et al., 1999), 1U4Q (chicken-brain -spectrin repeat R15-17) (Kusunoki et al., 2004b), 
1S35 (erythroid β-spectrin R8-9) (Kusunoki et al., 2004a), 3EDV (β2-spectrin repeat R14-16) (Davis 
et al., 2009) and 1F57 (erythrocyte ß-spectrin R14-15) (Ipsaro et al., 2009). As shown above, the 
identity score was very low, ranging between 0.08 and 0.18. However, the sequence coverage was 
very good, with values ranging between 86 and 99%, and the C-scores ranged between -0.72 and 0.80, 
which indicated that all the models proposed adopt correct folds (Supplementary Table S1). The 
models were further assessed using PROCHECK to calculate Ramachandran plots. The percentage of 
residues in core ranged from 81.8% (dystrophin R16-16) to 98.5% (β-spectrin R15-16) and percentage 
of disallowed residues ranged from 0 to 2.6% (dystrophin R18-19) (Supplementary Table S1). These 
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results indicated that all models were of high quality. Furthermore, the I-TASSER model of R8-9 and 
R14-15 of erythrocyte β-spectrin were compared to the corresponding PDB structures 1S35 and 3F57 
(Supplementary Fig. S3A-D). The Cα-atoms Root Mean Square Deviation (RMSD) between the 
structures and the corresponding models were respectively 1.60 Å and 1.36 Å, as these moderate 
deviations may originate from the last relaxation step of the I-TASSER modelling procedure. The 
electrostatic and hydrophobic surface properties are also compared and indicated a high likeness 
between structures and models. 
The structural models for the coiled-coil repeats of both α- and β-spectrins all presented a 
regular -helix fold at the linker region between two consecutive repeats. For instance, the models 
with the highest similarity tandem repeats, α-spectrin R6-7 and β-spectrin R10-11, presented a 
geometric deviation of 3.7 Å (C RMSD) for their protein backbone (Fig. 4). 
 
 
Figure 4. Representative models of the five proteins. A schematic drawing of a tandem repeat is shown on the 
left upper side. Helices A, B and C constitute the first repeat and A‟, B‟ and C‟ the second repeat. The helices are 
connected by loops named AB, BC, A‟B‟ and B‟C‟. The linker region is common to the two consecutive repeats 
and may be either helical or not. The two models of α- and β-spectrin showed helical linkers, while the two 
models of dystrophin and utrophin showed non-helical linkers. Actinin was taken from the structure obtained by 
X-ray diffraction and showed helical linkers. In all models, the A helix of the first repeat is placed in front and at 
the bottom left of the image. 
 
However, even though the models were obtained using spectrin X-ray crystallisation structures 
with helical linkers, non-helical linkers were observed for utrophin R5-6, R10-11 and R14-15, as 
previously observed for the dystrophin homologous tandem repeats (R5-6, R10-11 and R15-16). 
Finally, the homology models were well structured in the coiled-coil fold by comparison to the 
distorted -actinin experimental structures. Compared to spectrin, dystrophin and utrophin models and 
structures, α-actinin presented more elongated structures. This is due to the fact that the sequences of 
the repeats are longer by about 6 to 10 residues than the repeats of the other proteins. Therefore, R1 
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and R2 of α-actinin have A-helices prolonged by 8 to 9 residues while R3 and R4 have their C-helices 
prolonged by 6 to 9 residues compared to spectrins, dystrophin or utrophin. This leads to B-helices 
less kinked than in the other structures and gives an elongated and compact structure for α-actinin 
tandem repeats. 
 
Surface properties - Electrostatic potentials 
 The electrostatic surfaces of the tandem repeats were clearly dissimilar, and they showed a 
large variety in the distribution of positive and negative potential patches (Supplementary Figure S4). 
Such patches often appeared to extend over more than one repeat surface, while sometimes the two 
repeats in a tandem exhibited opposite electrostatic properties. To further quantify the surface 
electrostatic potential similarity of the tandem repeats, we analysed our models using the PIPSA 
program (Richter et al., 2008). The previously obtained dystrophin models were included in this 
analysis (Legrand et al., 2011). The resulting PIPSA heat map was divided into four major groups 
(Fig. 5).  
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Figure 5. Matrix visualisation of an all-pairwise comparison of the electrostatic potentials of the tandem 
repeat surfaces. The matrix (heat map) is shown with colour coding corresponding to the distances calculated 
from the Hodgkin similarity indices for the electrostatic potentials (upper left side). Distance between molecules 
a and b is defined by the equation given on the top, where SI is the Hodgkin similarity index between molecules 
a and b. Tandem repeats with highly similar electrostatic potentials are clustered together, and four groups have 
been clustered (groups A, B, C, D). 
 
Group A was characterised by strongly negative surfaces with positive patches distributed 
homogenously at the molecular surface (Fig. 6 and Supplementary Figure S4). The tandem repeats of 
group B had also negative surfaces but with positive patches distributed on one side of the molecular 
surface. Group C was characterised by an alternation of large positive and negative patches. The 
electrostatic surfaces in the group D were comparable to the ones in group C but with smaller positive 
patches.  
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Figure 6. Representation of the electrostatic potential projected on the solvent-accessible surface of tandem 
repeats representative of the four groups obtained by PIPSA analysis. Each model was coloured using the 
APBS electrostatic potential calculated for an ionic strength of 50 mM, and the surface colours were clamped at -
3 (red) and +3 (blue) kTe-1. The molecules are presented in the same orientation as in Figure 4A. 
 
The distribution of the tandem repeats of the five proteins in each group was clearly non-random 
(Table 1).  
 
Table 1. Distribution of the five proteins in the four groups obtained by PIPSA analysis of the electrostatic 
surfaces of the tandem repeats. 
 Number of tandem repeats in each group (% of the total) 
 Group A Group B Group C Group D 
Dystrophin (n=21) 2* (14%) 5 (17%) 8 (62%) 7 (33%) 
Utrophin (n=19) 2 (14%) 5 (17%) 3 (23%) 9 (43%) 
α-Spectrin (n=19) 6 (43%) 11 (37%) 0 2 (10%) 
β-Spectrin  (n=15) 3 (21%) 9 (30%) 1 (8%) 2 (10%) 
α-Actinin (n=3) 1 (7%) 0 1 (8%) 1 (5%) 
Total (n=78) 14 (100%) 30 (100%) 13 (100%) 21 (100%) 
*Values indicate the number of tandem repeats of each protein in the different groups. The percentage of protein 
tandem repeats in each group is indicated in parentheses. 
The α- and β-spectrin tandem repeats were predominantly distributed in groups A and B.  
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The three α-actinin tandem repeats were observed in three different clusters. The dystrophin 
tandem repeats were distributed rather homogeneously in groups B, C and D, and the utrophin tandem 
repeats were predominantly distributed in groups B and D. Group A predominantly consisted of α-
spectrin, which made up 43% of its tandem repeats. Group B consisted primarily of α- and β-spectrins, 
respectively constituting 37% and 30% of its tandem repeats. Group C consisted predominantly of 
dystrophin models (62%), and the D group was composed of 43% utrophin and 33% dystrophin.  
 
Surface properties – Molecular hydrophobicity potentials 
As is often the case with cytoplasmic proteins, the overall tandem repeat surfaces were mostly 
hydrophilic with nonpolar surfaces covering 25 to 39% of the surface (Fig. 7). However, there was a 
large heterogeneity in and between the tandem repeats of the proteins. As a whole, α-actinin has the 
less hydrophobic repeat domain, with a mean hydrophobic surface representing 28% of its surface, 
while utrophin has the highest hydrophobic repeat domain with a mean hydrophobic surface of 36% of 
the whole molecular surface (p = 0.03 from the dystrophin repeat domain to p = 2.10-10 from α-
spectrin). In addition, the values for the utrophin tandem repeats were in a small range of values from 
32 to 38%, while the values for the other tandem repeats were in a larger range (their standard 
deviations ranged from 2.9 to 3.5 vs 1.6 for utrophin). Dystrophin repeat domain appeared the closest 
to utrophin but with three extra values of less than 30% hydrophobicity. The two spectrin repeat 
domains appeared identically hydrophobic with values in a range of 17 over 19 and 14 over 16 tandem 
repeats with 24 to 31% hydrophobic surface. This globally hydrophobic character arises from the 
presence of large patches at the molecular surface (Supplementary Figure S5). The highest value was 
observed for the tandem repeat R18-19 of dystrophin with a hydrophobic surface as large as 40% of 
the total surface. 
 
Figure 7. Molecular hydrophobicity potentials of the tandem repeats of the five proteins. The individual 
values of the repeats appear as dots. Mean values (SD) are given above the plot. *The values from dystrophin 
and utrophin are significantly different from each other and from the three other protein values. 
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Discussion 
The spectrin family of proteins comprises the five well-known proteins analysed in the present study, 
although the spectrin superfamily includes other proteins such as plakins, nesprins or plectins that 
could be the subject of another study (Jefferson et al., 2007; Ortega et al., 2011). The main structural 
feature of all these proteins is the presence of repeats folded in coiled-coils due to a heptad pattern of 
hydrophobic residues (Parry et al., 1992, 2008). As in every family, the similarity of sequence is one 
of the major characteristics shared by their members. However, this similarity has been qualified as 
low without true quantification before our present study. Here, we reported that the α- and β-spectrin 
repeats showed the highest intramolecular sequence similarity values, which are likely related to a 
better conservation of the heptad pattern by comparison to the dystrophin and utrophin repeats. As 
mentioned previously (Winder et al., 1995), the length of the helices is more consistent in the spectrin 
repeats compared to the utrophin and dystrophin repeats, while the three helices of α-actinin repeats 
have very similar lengths compared to the other proteins. This intramolecular similarity of the spectrin 
repeats could also be related to the more precise placement of helix breaker residues in spectrins. 
Indeed, proline or glycine residues are clearly delimiting the stops in helix A and B and thus the start 
of the AB and BC loops. By contrast, dystrophin, utrophin and α-actinin exhibited low intramolecular 
sequence similarity. Dystrophin and utrophin showed relatively heterogeneous lengths of the three 
helices with highly variable delimitation of B and C helices, which likely accompanies the relatively 
low sequence similarity of the repeats.  
As expected, the highest intermolecular sequence similarity was recorded between utrophin and 
dystrophin repeats, but dystrophin repeats R14, R15, R18 and R19 are the most divergent from the 
utrophin repeats. Despite a low similarity between α-actinin repeats and the repeats from other 
proteins, a high similarity was noticed between α-actinin R2 and all the spectrin repeats. Moreover, a 
high similarity score was found between α-actinin R1-2 and β-spectrin R1-2. 
Correlated to these primary sequence variations in length and sequence similarity, we observed that all 
models of α- and β-spectrin tandem repeats showed helical linkers between successive repeats, in 
contrast to utrophin as shown here and to dystrophin as shown previously (Legrand et al., 2011). The 
helical linkers of spectrins should most likely be involved in the linearity of the spectrin filament, and 
this putative straight structure may be enhanced by the heterodimerisation of - and -spectrin. The 
efficiency of the heterodimer formation is likely increased by the singularity of sequences of both 
associated ending repeats, -spectrin R20 and -spectrin R1.  
The non-helical linkers of dystrophin lead to kinks between successive repeats and define 
individualised regions all along the central domain (Legrand et al., 2011). This phenomenon is most 
likely the same for utrophin, which showed non-helical linkers in its dystrophin homologous repeats. 
This arrangement most likely enables a non-linear structure to be maintained through modifications 
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such as rotations or kinks between successive repeats. Finally, it should more effectively differentiate 
utrophin and dystrophin as flexible monomeric filaments, as opposed to the straight heterotetrameric 
filaments of spectrins. Similarly, α-actinin forms dimers that maintain a rather straight topology, 
although some flexibility is maintained (Djinovic-Carugo et al., 1999; Zaman and Kaazempur-Mofrad, 
2004; Golji et al., 2009).  
The evolution of spectrin family members has been previously studied from the protein sequence 
perspective (Pascual et al., 1997; Baines, 2003; Broderick and Winder, 2005). Spectrin family 
members were hypothesised to diverge from an ancestral α-actinin molecule. This α-actinin diverged 
into three branches, the first branch leading to the modern α-actinin, the second branch to dystrophin 
and utrophin and the third branch to the α- and β-spectrins. Indeed, the α- / β-spectrin ancestor split is 
visible in the α- and β-spectrins, with β-spectrin R1 and R2 diverging from the ancestral α-actinin 
repeats R1 and R2 and the α-spectrin R19 and R20 diverging from the ancestral α-actinin repeats R3 
and R4 (Pascual et al., 1997). The acquisition of new repeats occurred by further duplication and 
elongation events.  
In agreement with these results, a high similarity score was observed here between α-actinin R1-2 and 
β-spectrin R1-2. However, a lower similarity score was observed between α-actinin R3-4 and α-
spectrin R19-20, while a high similarity between α-actinin R2 and all other spectrin repeats was 
observed. This discrepancy with previous reports regarding evolution allows us to hypothesise that the 
newly appeared repeats evolved after the duplication of the ancestral α-actinin R2. 
Our results show that particular features were observed specifically in utrophin and dystrophin, such 
as partial phasing of the repeats and the respective coding exons, variable length in their helices and 
the presence of non-helical linkers between several identified repeats. These characteristics concur 
with the hypothesis of the early divergence of utrophin and dystrophin from the ancestral α-actinin and 
could also reveal a common ancestor diverging later into utrophin and dystrophin. The low similarity 
reported among all the repeats may be the consequence of the parallel evolution of these homologous 
proteins and the addition of new repeats with new functions. This concept could be supported by our 
analysis of the potential surface properties that also clearly help to distinguish these filamentous 
proteins. 
 The use of APBS and PIPSA allowed us to calculate and compare the electrostatic surface potentials 
of the tandem repeats from the five proteins. Considering all the models, despite substantial 
heterogeneity of the electrostatic surfaces, the analyses highlighted four distinct groups, A, B, C and 
D. Interestingly, the tandem repeats from the five proteins are not randomly distributed in these 
groups. The tandem repeats from the two spectrins appeared mostly in two groups, A and B, distinct 
from the two other groups, C and D, in which the tandem repeats from utrophin and dystrophin were 
clustered. This observation supports the idea that the repeats from the spectrins and the repeats from 
utrophin and dystrophin are far from similar and amplifies this idea to a structural perspective. 
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However, some interesting exceptions were observed. The tandem repeat R1-2 of α-actinin appeared 
in the same group C as the R1-2 of β-spectrin, with these four repeats being considered to derive from 
the same two repeats. This group C is more characterised by the presence of large basic patches at the 
molecular surface and is therefore quite different from the tandem repeats of groups A and B.  
Remarkably, the four tandem repeats of dystrophin involving R11 to R15 appeared in the same group 
C as these two tandem repeats. Amman et al. (Amann et al., 1998) already proposed that the basic 
isoelectric points observed for this region of dystrophin defined a singular track, which was further 
characterised as a second actin binding domain (ABD2). However, the region is not entirely basic. It 
appears that there is an alternation of basic (R11, R13, R15 and R17) and acidic (R12, R14 and R16) 
repeats that could define a groove for the interaction between filamentous actin and dystrophin. This 
interacting sub-domain is clearly missing in the homologous region of utrophin, which does not 
interact with actin (Amann et al., 1999). This point was confirmed by the observation that the 
dystrophin R11 to R15 and utrophin R13 to R17 regions belong to different electrostatic clusters.  
In accordance with the heptad pattern's projection of the polar residue side chains outside the coiled-
coil, the tandem repeat surfaces are mostly hydrophilic. However, the tandem repeat surfaces also 
display hydrophobic patches of potential interest. What was highly striking was the observation that 
the coiled-coil domain of utrophin is a highly hydrophobic region compared to the corresponding 
domain of spectrins and α-actinin, with a mean difference of approximately 6%. However, dystrophin 
showed high heterogeneity among the repeats, from low hydrophobic tandem repeats such as R13-14 
and R14-15 (26 – 27% of hydrophobic surface) to the highly hydrophobic tandem repeat R18-19 (40% 
of hydrophobic surface). The varied surface properties among the repeats are likely to be correlated to 
the varied interaction properties of the dystrophin repeats.  
Indeed, as utrophin and dystrophin are monomeric proteins, the level of hydrophobic patches 
accessible to the solvent should be lower than the level that occurs in the monomer form of a dimeric 
protein, but this is not the case. This global feature in the physicochemical properties of the molecular 
surface is most likely a functional key for these peripheral proteins, which are able to dynamically 
bind to membrane phospholipids all along the molecule. It is effectively the case in dystrophin (Le 
Rumeur et al., 2010), by contrast to spectrins, in which only specific repeats interact with membrane 
lipids (An et al., 2004; Grzybek et al., 2006). These lipid-interacting repeats are the 8 to 9 of α-spectrin 
and the 2 to 4 and 12 to 14 of β-spectrin. The repeats 8-9 of α-spectrin are not in the most hydrophobic 
part of the protein while the repeats 2-4 and 12-14 of β-spectrin are among those that are the most 
hydrophobic of the molecule. Interestingly, the most hydrophobic tandems are those that interact with 
ankyrin (R14-15 with 31.5% hydrophobic surface) or are involved in the dimerization of the two 
spectrins (R1-2 of β-spectrin and R19-20 / 20-21 depending on the numbering of α-spectrin) (Li et al., 
2010). The fact that utrophin has a repeat domain highly hydrophobic could be interpreted as utrophin 
being a molecule with numerous unknown binding partners. 
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From sequence similarity and molecular potential measurements, it appeared that the filamentous 
central domain of both utrophin and dystrophin (75% of overall protein) showed clear specificities in 
comparison with the same regions in the spectrins and α-actinin, such as regular exon phasing towards 
coiled-coil organisation, monomeric and non-straight filament structure and large hydrophobic and 
positive potentials. This observation is supported by the hypothesis concerning the evolution of 
utrophin, dystrophin and spectrins from a common α-actinin ancestor. The individualisation of each 
coiled-coil repeat, in terms of structure regularity or surface potential, would arise from the need to 
specifically interact with cellular partners, proteins or phospholipids. The diversity found in the coiled-
coil repeats between spectrins and utrophin/dystrophin is also underlined by the great variety in the 
nature of the pathologies related to the dysfunction of one or the other protein (Gallagher, 2004; 
Bennett and Healy, 2008; Baines, 2008; Tuffery-Giraud et al., 2009; Nicolas et al., 2012). This study 
clearly indicates that the replacement strategies proposed for the therapy of genetic diseases, such as 
dystrophies, cannot be as simple as inducing an overexpression of a rescue homologous protein or by 
the conception of a chimeric protein including those pseudo-homologs. 
In conclusion, our data support the view that spectrins and α-actinin on the one hand and utrophin and 
dystrophin on the other hand share some structural similarities. Nevertheless, a detailed molecular 
characterisation indicates that the repeats within the family are far from being identical, which is 
consistent with their multiple and specific interactions in the cell. 
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